ABSTRACT Coarctation of the aorta is frequently associated with left ventricular inflow tract abnormalities that may be difficult to detect even at cardiac catheterization. This study involved patients with coarctation who underwent comprehensive two-dimensional echocardiographic investigations emphasizing visualization of the mitral valve and its apparatus. Of the 56 patients studied, 23 had completely normal study results, while in 33 (59%) results showed abnormalities of the mitral complex. The latter were divided into two groups: those having major mitral abnormalities (n = 12) and those with minor anomalies of the valve and apparatus (n = 21). The first group included patients with a supravalve stenosing ring, congenital mitral stenosis, mitral valve prolapse, and parachute mitral valve. Minor anomalies were classified as abnormalities of the papillary muscles, chordae tendineae, or combinations of both. No mitral malformations were found in a control group of patients. We conclude that two-dimensional echocardiography is a sensitive and accurate noninvasive method for assessing either significant or subtle forms of left ventricular inflow disease in patients with aortic coarctation. Its use is recommended for the acute medical and surgical management of these patients as well as for their long-term follow-up evaluation. Circulation 69, No. 5, 924-932, 1984. 
fects, or may even be too subtle for angiocardiographic detection.', Echocardiography is a valuable diagnostic tool in the recognition of anomalies associated with COA,6 but its use for primary mitral valve and apparatus abnormalities has not yet been described. Since the prognosis of patients affected by COA is heavily influenced by the coexistence of other cardiovascular malformations, an accurate diagnosis is of vital importance in planning medical management and surgery. We therefore undertook a prospective study to assess the entire mitral valve and apparatus by two-dimensional echocardiographic (2DE) examination in patients with COA.
Materials and methods
Fifty-six consecutive patients with COA, ranging in age from 1 day to 33 years (mean 7.9 years). were studied. In all but three of these patients (53/56) the definitive diagnosis was based on results obtained at catheterization, angiography, and/or surgery. COA was confirmed in one child at autopsy; in the remaining two the diagnosis was made based on classic clinical findings. Resection of the COA preceded 2DE examination by 5 days to 14 years in 32 patients. The echocardiograms were obtained as part of the routine follow-up evaluation.
This study included only patients with classic COA or a welllocalized narrowing of the lumen. Patients with hypoplastic left heart syndrome or mitral atresia were excluded from the study. Table 1 lists the associated defects (other than mitral valve anomalies) that were noted in 28 patients (50%) at the time of cardiac catheterization.
The control group consisted of 20 normal subjects who were from 23 days to 32 years old (mean 7.5 years) and who were prospectively studied by 2DE. The echocardiograms were obtained with a Toshiba SSH-IOA real-time phased-array 78 degree scanner with a variable-focus 2.4 MHz transducer. In one patient a real-time phased-array 77020A Hewlett-Packard system with a 5 MHz transducer was used for direct measurement of mitral area. The echocardiograms were reviewed from a videotape recorder in slow motion or frame-by-frame stop image, and Polaroid photos were taken in real time or from still videotape frames. In both groups the 2DE examination included imaging from several standard approaches, with emphasis placed on the mitral valve and its apparatus. The short axis of the left ventricle was imaged at the following levels: (1) the widest diastolic excursion of the two mitral leaflets, (2) the two papillary muscles, and (3) at the apex of the ventricle, where the papillary muscles are normally no longer imaged. The least amount of horizontal or vertical distortion was ensured by insisting on a sector perpendicular to the long axis and by maintaining a round configuration of the left ventricle. When the mitral valve was not equidistant from the septal and left ventricular free wall, it was termed eccentric. When it did not have the normal fish-mouth diastolic symmetry, it was considered asymmetric.
Results
Two distinct groups were recognized on the basis of the 2DE findings. The first included 23 (41 %) patients with normal mitral valves and apparatus corresponding to that of the 20 control patients. The two mitral leaflets of each had normal diastolic motion and excursion. In the short axis, the valve had the characteristic symmetric fish-mouth appearance and the aperture ap- peared concentric within the left ventricle. The papillary muscles were not visualized when the anterior and posterior leaflets were transected in this plane. A more inferior scan imaged the two papillary muscles at approximately the 3 and 8 o'clock positions. They appeared as rounded, nearly equally proportioned structures in size and shape. Comprehensive scanning of the left ventricle from the apex to the base in all axes revealed no other extraneous echoes. In contrast, the second group of 33 (59%) patients had various anomalies of the mitral valve and apparatus (table 2). These abnormalities were generically classified as either major mitral valve abnormalities or minor lesions. A combination of both coexisted in some cases.
Major mitral valve abnormalities. There were 12 patients with well-defined mitral valve lesions. Two presented the classic 2DE findings of an endocardial cushion defect. One had an ostium primum defect and a cleft of the anterior mitral valve leaflet. In this latter patient, the short-axis views visualized only a single papillary muscle ( figure 1, A) . The anterior mitral leaflet was also attached by a thick chorda tendinea to the interventricular septum ( figure 1, B) . The second child had a complete atrioventricular canal and a common atrium. An autopsy verified the diagnosis and the 2DE findings. Because of the marked mitral valve abnormalities from the canal defect, it was impossible to determine a distinct anomaly associated with a COA.7 The data from this patient was therefore excluded from further analysis.
Mitral stenosis. Each of three patients manifested congenital mitral stenosis due to a supravalvar ring, the existence of which was subsequently confirmed at surgery. The four-chamber view showed the presence of the fibrous ring just above the mitral valve leaflets. It extended horizontally from leaflet to leaflet directly above the mitral anulus and appeared to anchor the leaflets and reduce their mobility (figure 2, A). In two patients both papillary muscles were positioned abnormally (figure 2, B). The anterolateral papillary muscle inserted into the lateral wall at a more anterior (higher) level. Also, one of the two patients had an anomalous chorda in the left ventricular cavity. The third patient had a papillary muscle with an apparently bifid head (figure 2, C). The mitral valve was positioned eccentrically within the left ventricle in all three patients.
One patient had pure congenital mitral valve stenosis. 8 The leaflets appeared thickened and densely reflective and the motion was reduced. In the fourchamber view the mitral anulus was significantly smaller than the tricuspid anulus. The mitral valve area calculated directly from the 2DE short-axis view was They were usually more echoreflective than the other cardiac structures and were easily identifiable in systole as well as diastole. In four cases the insertion was from the left ventricular free wall to the interventricular septum at various levels ( figure 3 ). In one case the attachment was directly from the anterior mitral valve leaflet to the septum (figure 4). In three instances only the insertion into the free wall was clearly identified while the chord projected itself into the left ventricular outflow tract ( figure 5, A) . The M mode echocardiogram recorded the anomalous chorda in each one, but when it was present in the outflow tract, the inscription resembled the systolic anterior motion of a hypertrophic cardiomyopathy ( figure 5, B) . The papillary muscles were positioned normally in each of these eight patients.
Abnormalities of the papill/ar muscle. It was possible to Control group. In the 20 normal children, two papillary muscles were always observed and were in the normal position. The mitral valve conformed to that described in the literature and no abnormal chordae were visualized in the left ventricle.
Discussion
In children with congenital mitral valve abnormalities there is a 50% chance of coexistent congenital heart disease.9 Rosenquist4 showed a 58% incidence of mitral malformations in patients with the primary diagnosis of COA. He divided these abnormalities into three groups: (1) normally formed but small valves, (2) normally formed small valves with restricted free margin of the anterior leaflet, and (3) distinct mitral valve anomalies. Limitation of anterior leaflet motion was caused by anomalous chordae tendineae and abnormal muscle bands were seen extending from the papillary muscles to the septal or free wall of the ventricle. The distinct mitral valve abnormalities were of three basic types: underdeveloped space between papillary muscles, underdeveloped space between the papillary muscles and ventricular wall, and leaflet attachment to a single papillary muscle.
Our results uncovered the same type of anomalies with approximately the same incidence. Although the percentages were similar, the exact nature of the abnormalities differed slightly. This disparity was attributed to the composition of the two reports. Rosenquist's studies were conducted on postmortem specimens while our investigation was conducted in patients before and after surgery. Nonetheless, it was possible to image the full spectrum of malformations. The 2DE findings distinguished two separate groups of patients. The first had major mitral valve anomalies: supravalvar obstructive ring, mitral stenosis, prolapse, and single papillary muscle. All were symptomatic and required surgery or vigorous medical management. The second group had minor abnormalities corresponding closely to Rosenquist's findings. These asymptomatic patients were followed after surgery on a routine basis for observation of residual unexplained systolic or diastolic murmurs. DIAGNOSTIC METHODS-ECIHOCARDIOGRAPHY FIGURE 4 . In this patient the parasternal long-axis plane recorded a thick, anomalous chorda (ac) connecting the anterior mitral leaflet (aml) with the lower portion of the interventricular septum (IVS). Other abbreviations are as in figure 1 to 3.   FIGURE 3 . A, The parasternal long-axis view in this patient illustrated an anomalous chorda (ac) stretching from the apex to the midseptum. B, The parasternal short-axis view disclosed that the chorda (arrows) arose from the anterolateral (al) papillary muscle.
The reported incidence of left ventricular inflow abnormalities is 22% to 27%.
1 Parachute-type lesions were observed in 10% of patients in a study by Becker et al. 3 In these patients the chordae of both mitral leaflets inserted into a single papillary muscle or two nearly fused papillary muscles. Short or thickened chordae can also limit the motion of the mitral leaflets by anchoring them to the ventricular wall. The 2DE visualization of this type of abnormality was well documented in one of our patients (figure 4), and a parachute-type valve was discovered in another child with a single papillary muscle (figure 1). However, in our judgment a single papillary muscle is not the only sine qua non condition for this phenomenon. Some patients in whom the interpapillary distance is severely reduced or nonexistant (figure 6) probably have a form of mitral parachute.
Normally, the two papillary muscles are imaged simultaneously at approximately 3 short-axis plane. In some of our COA patients, one of the muscles was either high and more anteriorly or lower and more posteriorly located. Consequently, the leaflets were often seen in the same plane as one of the papillary muscles and eccentrically placed closer to the septal or left ventricular free wall (figure 8). Eccentric placement of the mitral valve or an asymmetric aperture were clues to malposition of a papillary structure.
It was possible to produce a false-positive single papillary muscle image from an inaccurate short-axis plane. In this case the shape of the left ventricle was elliptic rather than round. Insistence on an accurately pursued short-axis sweep prevented overinterpretation of this diagnosis.
Demonstration of the supravalvar mitral ring required careful inspection of the anulus since the membrane was almost directly adherent to the base of the leaflets. Several views should be used to substantiate the ring and particular attention must be given to the subvalvular apparatus. Differentiation of an isolated ring from Shone's syndrome,22which was encountered twice in this study, is critical for surgical planning. Knowledge of the subvalvular anatomy is crucial, since the type of surgical repair is influenced by the presence of a single papillary muscle or a parachute valve.2, 13 14 Mitral regurgitation is reported in 2. 1% to 5.7% of patients with COA. 10. 15 In our series it occurred in 7.5%, but all had holosystolic mitral prolapse. We are uncertain as to whether the association between the classic type of myxomatous mitral prolapse and coarctation was casual or if the prolapse was the result of mitral valve and apparatus irregularities. However, in our series the incidence of associated mitral billowing was 11.3%, while in the normal population it is 6% to 8%.16 Also, there appeared to be a greater degree of moderate-to-severe mitral regurgitation than expected for children with isolated mitral prolapse.
The presence of anomalous left ventricular chords has been well established by examination of autopsy and surgical specimens. Robertsl7 reported that chords traversing the left ventricular cavity from the septum to the lateral wall or from one papillary muscle to another are not rare. The noninvasive recognition of anomalous chordae by 2DE was reported by Nishimura et al., 1 The echocardiograms we used were recorded as part of a prospective study, but the angiograms were analyzed retrospectively. The major angiographic emphasis was visualization of the coarctation and major associated lesions. There was an excellent correlation with major abnormalities but only half of the minor anomalies of the papillary muscles were recognized angiographically, and none of the chordae malformations could be confirmed by catheterization. In this respect the echocardiogram is far more sensitive than the angiogram. In addition, when a papillary muscle or chorda abnormality was suspected, instantaneous ad-DIAGNOSTIC METHODS-ECHOCARDIOGRAPHY 
